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ISTAT ENER C ECON 


In recent years, the brushless DC motor nas found more 
ampimċacions because of its many advantages. It offers long 
oaae onale it eliminates brushwear particles anc arcing, 
and it is adaptable to spacecraft requirements. 

As more specialized needs become obvious, the versatility 
of the brushless DC motor in applications to control systems 
was discovered and developed. 

Mie rtorusatess” DC motor is mainly ar inside “out version 
rno conventional DC motor. Tne rotor consists of permanent 
magnets and the windings are in the stator. Besides this, 
the areas where the conventional DC motor and brushless DC 
motor differ are in the commutation processes and che 
Btmplitier design. mec onnüta tion of the conventional 
DC motor is done bv a mechanical commutator and brushes. 
u lo other hand, the commutation of the brusnless DC 
motor is performed by semiconductor switching elements, 
Meually transistors. The inductive switching energy is 
dissipated through a diode path which allows the current to 
line inva controlled fashion. 

The commutation sensor system for brushiess DC motors 
required to control the logic functions of the controller 
pesnmnmalntaln current to the proper coils in tne stator. 


Hall effect sensors and optical incremental encoder sensors 


are the most commonly used methods for the angular position 
sensing system. 

The Hall effect sensing system is based on sensors 
whien are usually placed in the stator structure to sense 
the polarity and magnitude of tne permanent magnet field in: 
Liew alr zap: 

The optical increment encoder provides a pulse for eacn 
increment of angular resolution. it is most common ata 
combination of light-emitting diode (LED), rotating da 8 
mask and phototransistor. 

The Pittman 5111 Wdg #1 brushless DC motor and four-pnase 
drives were used for tnis study. One motor nad a Hall sensor 
and another motor had a Hall sensor and an optical incremental 
encoder as well. 

The velocity control of the system was designed by using 
the fact that the Hall sensor gives two pulses per revolution 
for a four pole motor. By counting the intervals between 
each revolution, the digital speed can be obtained. With 
this idea in mind, a digital tachometer was designed. mins 
speed command was given by dip switches and converte oeme 
tne analog signal. Tne digital speed which was obtained 
from the digital tacnometer was converted to an anc" 
signal with a Digital to Analog Converter 1D DE 

The Pittman four-phase drive accepts four inputs. Two 
of them are the logic signals from tne Hall effect sensors. 


One of the inputs is the direct vonmeconmance The otner 


ie 


MS EE control of the motor which is a 
convenient iogic input to apply a pulse widtn modulation 
signal for speed and torque control. Keeping this feature 
in mind, the pulse width modulator was designed. 

In recent years microprocessor systems have been useful 
tools with many applications. These involve the use of tne 
brushless DC motor, and the microprocessor controi of the 
Brucsnless DC motor. Of its many features one of the most 
important is the ease witn which a system can be modified to 
perform new functions. This can be easily done by writing 
a new software program. Assembly language or high level 
languages such as Forth, Basic, Fortran, C, Pascal and Ada 
can be used for programming and can be downloaded to tne 
be ROM. 

The microprocessor controller was designed > Us ms a 
2-80 control processor unit. Parallel interfacing was used 
to communicate with the outside world (the CRT terminal and 
pulse width modulator). Position commands were given from 
the CRT terminal and the updated position of the motor was 
epserved from tne terminal also. 

In Chapter Two the brushless DC motor is compared with 
memvencvclonal DC motors and drive circuits. The third chapter's 
EMpNasis 15 on tne velocity control of the brushless DC motor 
and the building of the digital tachometer and pulse width 
modulator. irmdapter four testing and data collection of 


Che velocity control system are studied. The position 
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control of the svstem with tne microprocessor C oen ro ne 
discussed in Cnapter Five. In Chapter Six testing andaria 


collection of the position control system are studied. 


DI ONSTRU ON AND OPERA N OF BRUSH COMO TORS 


CONSTRUCTION "OP BRUSHLESS IDE MOTORS 

Brushless DC motors, unlike conventional DC motors have 
a permanent-magnet rotor and a multi-coil stator. it can be 
said that the basic brushiess DC motor is essentially an 
"inside out" version of the conventional DC motor. A cut-away 
oa conwentylonalwDC motores shown in Figure 2.1 and an 
equivalent version of a brushless DC motor is snown in Figure 
SET Here we can see the permanent magnet rotor and a 


mutiscoil stator. 





mure 2.1. Cut=Away View of Conventional DC Motor Assembly. 


Vs 





PERMANENT — MAGNET 
ROTOR 


Figure 2.2. Cut-Away View of Brushless DC Motor Assembly. 


A significant difference can be seen in the winding and 
magnet locations. Tne conventional DC motor has the active 
conductors in the slots of tne rotor, and in contrac em 
brushless DC motor has the active conductors in slots of tne 
Stator. Since the windings are closer to tne environment tne 
removal of the neat produced in the active windings is easier 
in the brushless DC motor. The result is that the orusnl 
DC motor is a more stable mechanical device from a thermal 
point of view. 

Another basic difference from the conventional DC motor 
is the commutation process. The commutation of the convens 
tional DC motor is done by a mechanical Commutatcom or 
brushes. The brushless DC motor, on the other hanc n 


commutated electronically. 
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B. ELECTRONIC COMMUTATION AND DRIVE 

In order to see tne similarities and differences between 
conventional and brushless DC motor systems, two sketches are 
Shown in Figures 2.3 and 2.4. In Figure 2.3 we have the 
elements of DC motor and control. The connections between 
the rotor windings and the commutator are shown. In Figure 
zn ne commutation control stage is different from tne 
mtonventional DC motor. Slots, windings, magnetic poles, and 
the electronic commutator work in sucn a way that the 
au Ono che rotation Is controlled by the polarity of 
the DC power supply. Bean electronic commutator, tne 
current is switched from one coil group to the adjacent one 
with a four section stator winding. Switching takes place 
from one coil to the next four times per revolution for a 
two pole motor. Since the switching transistors are already 
in place in electronic commutation, pulse width modulation 
eam, OC applied to the logic circuit. Tae shaft position 
Pemesor —cheares pulsestWro' generate lożġic signals which 
control the commutation of the windings. 

One of the simple, three-phase brushless DC motor 
us cils is shown in Figure 2.5, This is a "half-wave" 
un rol circuit with a conduction angle of 1209. As is 
snown, each winding is used one third of tne time and tne 
logic control of the system is not complicated. The speed 
An torque output of the motor can be controlled by varying 


the power supply voltage V.. in cne lower part of the 


Tí 


diag^am the same system can be seen in reversed torque. 
The torque reversal in a conventional DC motor is acnieved 
by reversing tne power supply voltage. In the brushless DC 
motor the same thing can be done by shifting all the eee 
functions by 180%. This example illustrates one of tne 
basic differences between conventional and brushless DC motors. 

In the illustration of Figure 2.5, the inductive trans oma 
current in each winding is ignored. Due to tne voltage 


produced by the stored 
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Finn f U U Essential Parts of a Brushless DC Motor. 
energy in each winding, the circuit creates a reverse oreakdown 
voltage on each transistor. Since stored energy is low in 
the low-power systems, such break-down conditions can oe 
tolerated. However, if any significant amounts of current 
and voltage are handled in such a system, breakdown conditions 
would cause damaze to the semiconductor junctions. Therefore 
other methods are used to maintain proper commutation of 
the inductive energy in each winding. Figure 2.6 shows a 
two-phase brushless DC motor using two power supplies tle 


and E We now nave four power transistors and four 
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Figures 2p: A Three-Phase, Half Wave Brushless Motor 
Controller. 


un cdgoEaecmhatr of tue circuit controls it's own winding, 
and the two operate independently of each other. 

The diagram shows the current response with respect to 
NOTO? position and current versus time at a given shaft 
velocity. 

It can be seen that the current Igi has an exponential 
initial increase to a steady state value which is maintained 
until the 909 position has been reached. Then Q1 is switched 
to the off condition. The stored energy is dispelled through 
the power supply by using diode D3, and an exponential decline 
1s shown in 153; when the current rise is now progressing in 
Q2. Thus there is a continuous torque production maintained 
EE 8105 Or Shoe stage 1S turned off and the next is 


turned on. 


fee FOUR=PHASE DELTA BRUSHLESS DC MOTOR 
A four=-phase Delta motor from the Pittman Corporation (see 
Appendix A) is used for the following experiments. A four 
were Structure is used for this motor. 
There are several reasons to fabricate the rotor as a four 
pole structure: 
i) Mechanical arc lengths of 60? per magnet segment yield 
ud ina vor al uculization than 1209 arce used for 
a two pole structure and therefore lower cost. 

ii) High performance magnetic materials do not accept radial 
magnet paths and thus are not as efficient magneticallv 
if made in long arc lengths. 

iii) The four-pole structure doubles the number of commutation 


cycles per mechanical revolution of the shaft. 
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Figure 2.6. Two-Phase Brushless DC Motor. 
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soms Onase commutation circuit is snown in bFigure 2.71. 

The logic outputs from the sensors are connected to a 
Deo mvomdecimal decodereby using tae "A" and "B" inputs. 
MI "utes used to control the rotation of tne motor. 
input is used for on-off control of the decoder. The 
IT IHE Of Che decoder in the motor drive is a convenient 
Ecce Input to apply a pulse width modulation signal Ee 
speed and/or torque control. More details will be discussed 
Ha the later sections. The flux rotation is provided by 
mim on “On r OOS TLLOn Of the transistors. When a transistor 
MomrOn, Lo, ecreates current on the related windings. dune 
Erenr passing through the transistor will create fiux on 
the related windings. Merari ver Controls the “stator 
e citation: For the clock-wise (CH) d1 reci on mon e AAA X 
moration, transistors Q1 and Q3! are on. This means that D 
phase will nave positive voltaze and B phase will have 
negative voltage. In the next sten, Q2 and Q4' transistors 
Wall be on. Tnis will ereate positive voltage at the C 
phase and negative voltage at the A phase, IES will 
BOmtinue in the order: transistors Q3 and Q1' on and tran- 
w Lors 04 and Q2* on. To reverse the flux direction, 
mime operating program will be transistors Q1 and Q3' on, 
Miss vos QT ana Q2* on, transistors Q3 and Q1' on, 
Bmuansistors Q2 and QH' on. shaft angle position, phase 
VOoOltage, and corresponding sensor signals are shown in 


Eure 2.9. 


23 





di | 
> > 
I 2 
a $ 
a a 
ac "os 
O O 
— = 
O O 
= = 

En mu, 

OL 3NI1 8 
a JE 
+ 

3430403309 
— NE 
Mi 
S4OSN3S A T 
319NV l3VHS 

Figure 2.7. Four-Phase Commutabion PROP 


24 


View VOR QUE 
P H A E e 


SENSOR seso S u — 
m 











ELECTRICAL 
ANGULAR 
POSITION 





Figure 2.8.  Four-Phase Logic Control. 


D. ADVANTAGES AND DISADVANTAGES OF THE BRUSHLESS DC MOTOR 


1. Advantages 
j Brushless DC motors are more expensive for the same 
horsepower rating than conventional DC motors, out they have 


some advantages over DC commutator-brush motors: 


a) The motor has a long life because it does not 
Dhudgvesopüushess 


b) Due to the elimination of brush arcing, there is 
a reduction in electromagnetic interference. 


e) There is a reduction in acoustic noise. 

d) Little or no maintenance is required. 

come motor” permieos a small signal control of 
speed and on-off operation since tne power 


ewreuitry"is ineluded as"part of the brushiess 
DCTMOCOr: 
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f) When they are properly sealed, they are capable 
of operation in fluids or) Vapors. 


2. Disadvantages 
The following are important disadvantages of tne 
brushless DC move: 
a) The total size of tne motor is bigger overall 
because of the additional space required for tne 


electronic devices. 


b) Overall cost is higher compared to conventional 
commutator types of the same horsepower. 


c) Choice is somewhat limited at present in "stock" 
sizes and horsepower rating, necessum a 
"special" orders for particular applrecarionea 
Even though tne brushless DC motor nas some dis- 
advantages, developing electronic technologies and applications 


in space and the military make it preferable to conventional 


pesmetors. 
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J l a T ONTROL 0 HE, BRU 2506-400 


A. General 

Before studying the speed control of the brushless DC 
Bevor, it will be helpful to study the components of tne 
System. The block diagram of the velocity control circuit 
ls snown in Figure 3.1. 

The Hall effect sensing system is based on sensors which 
are located adjacent to the end of the stator winding to 
sense the polarity and magnitude of the permanent n 
field in the gap. Tne position of the Hall sensors are 
shown in Figure 3.2. The Hall effect device is made of two 
sensors whicn are placed 90 ee des degrees apart to 
sense the rotational position of the rotor relative-to the 
stator coil groups. The flux in the gap between the rotor 
and stator and the output of each sensor is shown in Figure 
3.3. AS Can be seen in Figure 3.3, the output of each Hall 
Sensor switches from logic high to logic low wnen the 
sensed rotor flux passes through zero. The output is high 
for a north magnetic pole and low for a south pole (or vice 
versa if Hall sensors are reverse mounted). [Ref H] 

I ONO TO peositlog sigmals are decoded bv disital logic 
maces tne motor drive to give a four phase output which 
controls 8 power transistors in such a way that sequential 
Eurochsng from one stator coil to the next occurs at intervals 


of 90° mechanical rotor rotation. Both the outputs of tne 
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Tne Hall sensor will produce square waves related to tne 
speed. Following from this- concept a digital” tachomeauan 
will be built and discussed in tne next secre 

The "D" input of the decoder in the motor drive is a 
convenient logic input to apply a pulse width modulate 
signal for speed and/or torque control. More details will 


be discussed in later sections. 


B. DESIGN OF THE DIGITAL TACHOMETER GOR SPEED MeO jim de 
The speed of the brushless DC motor can be observed from 
the output or the Hall sensors: Hall sensors produce 2 
square waves for each rotation. If elapsed time for each 
revolution can be measured, the speed of the motor can be 
found. One channel of the Hall sensor output of tne brushless 
DC motoris shown in Pigure sca. 
he arrows indicate the beginning and end of the period 
Of Pe volcaron The relation between the period of tne 
revolution and the speed of the motor can be shown with the 
following example: 
Period = 1 Revolution = 50 1072 sec 
speed = 20 revolutions per second (RPS). 
This is equal to 1200 revolutions per minute (RPM). 
By starting from this approach, a digital tachometer e 
designed by the author. The main idea was to measure the 
period of revolution by using counters and invertine comas 


voltage value by using a Digital to Analog converter (DAC). 
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Peure 324. One Crnanmel Output of Hall Sensor. 

A cui diagram of the digital tachometer is shown in 
ES. 3.5. 

A 7474 Dual-D-Type positive-edge-triggered flip flop was 
Hed to obtain 1 pulse per revolution by dividing the Hall 
sensor signal by two. The output of tne flip-flop is shown 
W.éW€éicure 3.6. 

74LS161 synchronous 4-bit counters were used to count for 
each period. Clock pulses were used for the counters. For 
this design the 16 bit procedure was found to be the most 
appropriate from a hardware point of view. When the motor 
was running at a slow RPM, tne period of tne revolution was 
high and the counter registered high. From an overflow 
point of view, tne maximum count on the counter should not. 
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have exceeded 65536. Keeping in mind that waen the motor 
runs under 600 RPM the counter overflows, this criteria 
became the minimum speed restriction for the motor. À 
74121 Mos able multivibrabtor Was used to get short, clear 
pulses hor “Che counters: lmetontonevot the multiviodrator 


(one shot) is shown in Figure 3.7. 
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The 74374 Register stored tne counts for each perlod Umea 
the new count came. 

Two 8-bit DAC Digital to Analog converters were used to 
convert the counts to the voltage as it related rota 
Speed. The logic of the Digital to Analog conversion is 
shonm in Fisure moe 

The voltage related with speed is between O and 10 
volts. When the speed is-40 rpm the output of the DAC will 
be O volts; when the speed is 24,000 rpm the output of tne 
DAC will be 10 volts. The lowest speed is equal to 0, the 


highest speed is equal to 10 volts. 


Væ CO TO 2.96 VOLTS ) 
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3 TO 6 8ITS O TO 7 SITS 





Figure 3.8. Digital to Analog Comer done 


Ci PULSE C WIDIHOMODULATOR 
The "D" input to the decoder is a convenient logic input 


to which the pulse-widtn modulated logic signal can be 


34 


applied. It should be recognized that tne low mechanical 
tinme constagi of EREECHEN Could La pt ane Ou Ss 
Speed variation at slow speeds when a low duty cycle is 
used in tne pulse width modulation. The pulse-width modulator 
is shown in Figure 3.9. A pulse width modulated signal was 
obtained by mixing a low frequency input error signal witn 
q ignh freqġteae tr langular "dither signal. Twenty kilohertz 
mas Che fre qien ono seno cie ndice? signal L He sum of 


the error and triangular signal e(t) is shown in Figure 3.104 





DITHER 


Figure 3.9. Pulse Width Modulator. 
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Figure 3.10. Z Error and biti so p ma 


An e(t) signal was fed to the "zero crossing circuit. ff 
zero crossing circuit converts the resulting sum intom mAn 
level signal e'(t) as-snown in bBbisure 350095 The signal 
shifts between the two digital levels O volts and 5 volts. 
Input, eg, is assumed to be a DC level or slowly cnanging 
signal. Added to the triangular signal d(t), which oscillates 
between -10 volts and 0 volts, and hasa periodik Tanis 
signal was added to e, to produce elt). This ree HE 
then fed to a zero crossing detector: which in this case mi 
shown to switch fron plus 5 volts (losic Co ME DM 
Cro 1020): 

A circuit diagram of the pulse width modulator is shown 


in Figure 3.11. A circuit diagram of the digital cachon m N 
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and pulse width modulator is shown in Figure 3.12. The 


HSENSRKCCOP tine  Circult is shown in Appendix C. 
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Figure 3.12. Circuit Diagram of the Digital Tachometer 
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E M TESTIN N À C TLO OR VE Y CONTRO 


A. GENERAL 
After building the velocity control system for the 

brushless DC motor some experiments were done to get data 
on how the system works. The instruments used for these 
experiments are shown below: 

i Poveresuppiv unit PS 150£ 

2. Hewlett-Packard 6210A power supply 

3. Wavetek model 145 pulse/function generator 

Ha Texron 2213 oscilloscope 

5. Textronix 464 storage oscilloscope 

6 Hewlett-Packard 3582A spectrum analyzer 

í Hewlect Packard 95 plotter 

8 Hewlett-Packard 124A camera. 
The power requirements for the system were +15V, -15V, 45V, 
-10V, -15V. 


(5 PWN 


(D) a e ED 


G) 
DI is 
2 | o> | Er | DRIVE 
v ES DI 


MOTOR | | 
A —B) 


D/A CONVERTER | | D/A CONVERTER © 


£ L 3 I 


DUGNEAE- TACHOMETER 


Es) @ 


Figure 4.1. Block Diagram of the Velocity Control System: 
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For simplicity, test points were defined oy letters, 2 
block diagram (and test points) of the system is shown in 
Figure 4.1. 

Tnese test points are the same on the circuit board. For 
velocity command, a four position dip switch was used. Fifteen 
different speeds are produced depending on the relevant motor 
power supply. 

The calibration of tne system is important to ceba 
accurate data. For calibration purposes, many adjustable 
resistors were used in tne system. The calibration of tne 


System is explained in Appendix B. 


Be “OPEN LOOP VELCOCITY CONTROL 

For open loop studies, tne feedback switch is turned to 
the open loop (OL) position. The power supplv was set to 
ISV Tne Speed command was given by a dip switch. Tne 
position of the dip switeh and the equivalent RPM values 


are as shown below: 


Dip.switem Dositioq Speed (RPM) 
0001 3000 
0010 3260 
0011 3410 
0100 399 
0101 3660 
0110 $150 
0111 3800 
1000 3845 
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MEN O RPM Speed (Dip switch = 0110) was chosen for the 
EE TTL ESU L DUL of the 
CEET Figure een: Eeleren sort output 


the speed of the motor can be calculated. 





E CI SVPON 


Figure F'TA j Sensor et for 3750 RPM. 
Since the hall sensor sends 2 pulses per revolution, Figure 
4.2 shows that 


1 rev fe EE e 


lato fim see OR, 
The pulse width modulated signal (test point P) is shown in 
Figure 4.3. 

When the shaft of the motor is held, the motor slows down 
and no change of tne pulse width modulated signal can be 
seen. Another experiment was done by changing the power 


supply of the motor. The speed of the motor was changed. 
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Figure 4.3. Pulse Width Modulated Signal. 
Both these observations show that this is an open loge 
system. In the second experiment 3260 RPM speed (dip 
switch = 0010) was chosen. The Hall sensor and PWM signals 


are .shown sin Figure 4.4 and Figure 3.5 respect a 
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Figure 4.4. Hall Sensor Output of the Motor. 
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BMMWELOSED LOOP VELOCITY CONTROL 
For the closed loop system, tne feedback switen was turned 
on to the closed loop position (CL). The power supply was 


ENDO 300 The positionmon the dip switch and equivalent 


RPM values are as shown below. 


Ds en. position Speed (RPM) 
0100 (Ee 
0101 1500 
0110 1580 
0111 1375 


Due to hardware restrictions, a 16 bit system was used. 
That brought some unwanted results in low speed experiments. 
For that reason -2 V steady state error was added to the 


Dither signal. The Ditner signal is shown in Figure 4.6. 
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Figure 4.6, The Dither Signal. 


For the first experiment on closed loop velocity contro 
the speed of 1275 RPM was chosen. Tne dip switch was seumee 
0100. The Hall sensor output of the motor is shown in Figure 
aS From this picture the speed of the motor can be 
calculated in the same fashion as tne previous section. 
Its speed is 1275 RPM. The PWM signal is shown in Figure 
H.8. When the shaft of the motor was held slightly the PWN 
signal was changed to keep up witn the given speed command 
(see Figure 4.9). This is one of the expected results of a 
closed loop system. Another experiment was done by changing 
the power supply of the motor. No change in the speed was 
observed. This is another expected result of a closed Peep 
system. 
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HI T Hall Sensor Output of Che Motor for 1275 RPM. 
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Ew ore 4.0. Pulse Width Modulated Signal for 1275 RPM. 
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Figure 4.9. Pulse Width Modulated Signal with “Ex vernal 
Force on tne Motor Snaft. 
D. TRANSFER FUNCTION MEASUREMENT AND SIMULATION STUDIES 

_The transfer function of the motor can be found by using 
a spectrum analyzer. A Hewlett-Packard 3582A spectrum analyzer 
was used for this experiment. 

À block diagram of the closed loop velocity system and 
its connections to the HP spectrum analyzer are shown in Figure 
4.10. 

Random noise was used in the system and was fed to the 
summing junction (test point N). When the forward gain of 
the noise was 1.0, the speed of the system was changed due 
to the noise. This unwanted result was eliminated by choosing 


the nolsemdain equal to 0 À The frequency response of 
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the system found by the HP spectrum analyzer as shown in 


Figure 4.11a and Figure 4.11b. 
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Figure 4.10. Closed Loop System with Spectrum Analyzer. 
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4.11a. Open Loop Frequency response of the system 


with magnitude curve. 
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Figure 4.11b. Open Loop Frequency Response of the System 
with Phase Curve. 


In the velocity SOM System there are a number of 
various digital components, such as flip-flops, counters 
and D/A converters. The counters which were used in tne 
System are synchronous devices, this means they use clock 
pulses. 

The following events take place in the system. 

le Walt tor sa clock Gulse. 

2. Determine the speed for one revolution of the motor. 
3. Perform digital to analog conversion. 

4, Send the updated control variable to the motor. 


DA (Go Lo si pm 
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Because the computation of the speed and sending the 
control variable takes some time, there is a time delav 
between steps two and four. Tne D/A converter holds tne 
signal over one revolution of the motor.  Tnis implies that 
Ane Sampling interval is equal to one revolution of tne 
MOTOT. Düring mtnentransífer function measurements, the 
speed chosen was 1360 RPM. With simple calculation, one 
revolution of the motor can be found to be 44 milliseconds. 
The Nyquist frequency is thus Z00NHdg. Tin 2 rad/sec or 
MS. nz. 

At frequencies which are greater than the Nyquist 
meequency, the ambiguities of the transfer function for 
both the gain and phase curves can be seen in Figure 4.11a 
and 4115. For that reason, this part of tne experimental 
data was not included in the calculations. 

The frequency, magnitude and pnase c7? the transfer 
function which was found from Figure 4.11a and 0 are shown 
mo Table 1. The Bode plot which was drawn by using the 
data in Table 1 is shown in Figure 4.12. 

The transient response of the closed loop and open loop 
System were found from a strip chart recorder and are snown 
MamFigure 4.15 and Figure 4.16. On the other hand, the 
transient response of the system can also be observed from 
the storage oscilloscope. 

A Textronix 464 storage oscilloscope was used to get 


the transient response of the system. The step input (from 
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1035 rpm to 1305 rpm) was applied to the svstem as a step 
input. The closed loop transient response of the svstem is 
shown in Figure 4.17. This transient response correlates 
with the transient response which was found from the strip 
chart (see Figure 4710). 

As can oe seen, the system is type O [Ref. 1] and has one 
pole at w = 7.0 rad/sec and one pole at w = 27 rad R 


The open loop transfer function of the system is shown below. 


pie ee ee 
Gis) TAS 
TABLE 4.1 
FREQUENCY RESPONSE WITH MAGNITUDE AND PHASE 
w(rad/sec) Maznitude(db) . PhaseCdezrees) 
y 2.5 aan 
5 2.6 Sep 
6.2 2.6 -94 
SEN 0.7 OK 
10 40.9 SM 
15 = 300 SE 
20 -6.8 -138 
25 EUMD = gos 
30 E -164 
35 -13.5 SARO 
40 -14.8 -195 
45 ET 207 
50 -18.3 E 
55 TOS 2280 
60 -222 2241. 
65 EU c -246 
70 -28.9 -250 


This transfer function was used for computer Simulacion 


Of the system. The open loop frequency response of the 
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System is shown in Figure 4.13 and the transient response 
of the system is shown in Figure 4.14. 

The time constant of the system was found from the open 
loop transient response (see Figure 4.15). The time it 
takes to get 63% of velocity gives the time constant of the 
of the system. From Figure 4.15 the time constant was 
Pound to be 140 milliseconds. On tne other hand, the 
time constant of the system can be found from the transfer 
function which was determined using the data from the HP 
spectrum analyzer. The low frequency pole of the system as 
determined from Figure 4.12 was 7.0 rad/sec, then the time 


vonstant 


T mil lii seconds 


This time constant correlates with the time constant which 
Dsround irom tae strip chart recorder. This indicates that 
the frequency response of tne system whicn was found from tne 
HP spectrum analyzer was accurate. 

The time constant of the closed loop system can be 
calculated from the closed loop transient response of the 
system which was shown in Figure 4.16. From the figure, 
Wi-Wscetteling time of the system was found to be 320 milli- 
seconds. Thus the time constant of the closed loop system 


was 320 milliseconds/4 = 80 milliseconds. It can be seen 


e 


that the time constant of the closed loop svstem was faster 
than the open loop system. This was the expected result. 

Another important subject arises from the usage of a 
D/A converter in the system. Since the D/A converter 
creates a delay related to the sampling rate, this will 
cause pnase lag in the system. This phase difference can 
be seen by comparing the measured open loop frequency response 
with that calculated from the transfer funciedmcne The 
calculated phase does not include time delay, which the 
measured phase does. It is seen that the measured phase 
lag exceeds the calculated lag by 15° at the corner frequency 
w = 7.0 rad/sec. Thus the time delay is approximately 


Tp = È = 37.4 milliseconds 


W 





The time constant of the motor which was given by tne 
factory specifications was 14.4 milliseconds. It is obvious 
that the time constant of the motor is faster taan Sena 
systemi time constant: This difference is caused by the 


time delay of the pulse width modulator and the D/À converter. 
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Figure 4.12. 
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Figure 4.13. Frequency Response of the System 
from Computer Simulation. 
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Transient Response of the System from 
Computer Simulation. 


Figure 4.14. 





Figure 4.15. Open Loop Transient Response of the System 
[rom the Strip Chart: 


PRINTED IN USA 





Figure H.16. Closed Loop Transient Response of the System 
from the Stripe C nane: 
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System 


de O ONTROL_O HE DC MOTOR W; MICROPRO OR COHTRO 


A. -GENERAT 

Microprocessor control of brushless DC motors nas mann 
advantages over an analog control. One of tne advantages is 
that since it can be built with a couple of inteżzramea 
circuits, 1t rs sma mkersand i tnan an analog controller. 
it is also easv to debug the svstem. 

There are some advantages and disadvantages to consider 
in software design and its implementation as well. Some of 
the advantages are: 


1) By changing the software program, the function of the 
system can be changed. 


2) By.modifying the input/output devices, this system can 
be used for other control systems: 


3) By standardizing the hardware, system design emphasis 
can be inereased on software programs and subroutines. 


4) Since the system is constructed of standardized un tii 
it is easy to debug the system. 

B. MICROPROCESSOR CONSROLTOFEDET MO POR 
There are two approaches to microprocessor control. One 
approach is the "direct" approach, another is the "indirect" 
approach. In the direct approach tne data obtained from tne 
system are fed into a microprocessor to compute the new vafue 
of control. In the "indirect" method of microprocessor cons 


the motor has an analog servo controller and microprocessos 
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EE He turn the servo on and off. (Ref. 2] - In this 
enesis the "direct" approacn is used. 
Theblockdiagramof the mieroprocessor-controlled position 


Soner ol system is shown in Figure 5.1 [Ref 3]. The position 
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ZA DB 
AICA E 






meure SOMOS EE System. 


and direction commands are given from the cathode ray tube 
EUNT) terminal. Another input to the microprocessor 
uoubrroller is the actual direction of the motor which is 
determined by using two channels of the optical encoder. 


Me direction sensing system is shown in Figure 5.2. 


See LNCREMENTAL OPTICAL ENCODER 

The incremental optical encoders are used for position 
confirmation and for feedback signal generation. Incremental 
optical encoders provide a pulse for each increment 
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of resolution. An incremental encoder has four main parts: 
a Light source, etto ose stationary mask, and a 
sensor as snown in Figure 5.3. [Ref. 2] A Hewlett-Packard 
Heds-6000 series incremental optical encoder was used for 


the system. 







DIRECTION 





FLIP-FLOP 





SENSORS 


Figure 5.2. Direction Sensor. 


SENSOR 

( PHOTOVOLTAIC CELL, 
PHOTOTRANSISTOR, 
PHOTODIODE ) 


LIGHT 
SOURCE 
(LAMP,LED) 


ROTATING STATIONARY 
DISK MASK 


Figure 5.3. Incremental Optical Encoder. 
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The Heds-6000 series is a high resclution incremental 
Optical encoder. eo ns Sos tomo ee "paris oo one encoder 
body, a metal code wheel, and emitter and plate. 

Tne incremental shaft encoder operates by translating the 
Molbatlron Of a shaft into interruptions of a light beam which 
provides output as electrical pulses. 

Tne standard code wheel is a metal dise which has N=1000 
equally spaced slits around its circumference. An aperture 
with a matching pattern is positioned on the stationary phase 
plate. The light beam is transmitted only when the slits in 
the code wheel and the aperture line up. Therefore, during 
a complete shaft revolution, there will be Nz1000 alternating 
Hight and dark periods. A molded lens beneath the phase 
plate aperture collects the modulated light into a silicon 
q Lector. 

The encoder body contains the phase plate and the detection 
elements for three channels. The first channel gives N=1000 
pulses for each revolution. The second ehannel has a similar 
zourgsuration but the location of its aperture pair provides 
emmoutput which is in quadrature to the first channel. The 
Busse difference is 90° electrical. The direction of 
rotation is determined by observing the leading form of the 
channel B. The outputs are TTL logic level signals. 

The index channel is similar in optical and electrical 


configuration to the A,B channel described above. An index 
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pulse of typically one cycle width is generate, ee a 
rotation of the code wheel. 

For counter clockwise and clockwise rotation of the code 
wheel, channel A, channel B, and index cnannel outputs are 
shown in Figure 5.4a and Figure 5.4b respectively. Encoding 
characteristics, recommended operating conditions mm 


definitions are shown in Appendix E. 


D MICROCOMPUTER Mss MEN 

The general block diagram of the microcomputer system is 
shown in Figure 5.5. The microprocessor unit (MPU), Z-80, 
implements the function of the central-processing unit (CPU) 
within- one-cnip: It includes an arithmetic-logical unit 
(ALU), plus internal registers, and a control unit (GU Gf 
charge of sequencing the system. The Z-80 creates. three 
busses: an 8-bit bidirectional data bus, a 16 bit unidirec- 
tional, address Dus and a control bus, 

The data bus carries the data being exchanged by tne 
different elements of tne system. Mainlv, it will carrv data 
from the memory to the Z-80 or from the Z-80 to an input/output 
chip. The input/output chip is the component in change 
communiċation with an external dev lec. 

The address bus carries an address generated by the Z-80 
which will select one o. tbe chips attached to the systems 
For this system a 7415138 decoder was used. 

This address specifies the source or the destination of 
the data which will transit along caectcctaomonen 
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Figure 5.5... Microċceompu tenmezstem: 


The control bus carries the various synchronization signals 
required oy the system. 

The Z-80 requires a precise timing reference which is 
supplied by a H.915 MHz crystal. 

Tne RAM (random-access memory) is the read/write memorv 
for the system. MOSTEK MK 4118 (P/N) series, 1KX8 Stannis 
RAM was used for the microcomputer. 

The system contained two interface cnips so tnat it could 
communicate with the external world. The MC 68661B, Enhanced 
Programmable Communications Interface (EPCI) was used to 
communicate with the CRT terminal. The details on the EPCI 


programming are explained in Appendix F. An Intel M8255A 
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Programmable Peripheral Interface (PPI) was used to interface 
with the motor. The M8255A PPI has three ports which can be 
used for input or output purposes. The operating modes of 
the chip are explained in Appendix G. 

The 2716 16K(2Kx8) UV Erasable Prom (EPROM) was used to 
load the program for the system. Mie funchpion of “tne 
System can be changed entirely by writing the new program 
end loading the EPROM. The circuit diagram of the microcom- 


mi er is shown in Figure 5.6. 


BAT SOFTWARE DESIGN 
I ce E 

The software was designed in such a fashion that a 
position command to the motor is given from the CRT terminal. 
The direction of the motor is calculated by the program whicn 
so oc sS the CW or CCW direction for the shortest path to 
Mes destination. 

Tne system software was written in Assembly language 
(Appendix H) at a Zenith Z-100 microcomputer, using a Z-80 
instruction sets [Ref 3]. The program was assembled and the 
hex files downloaded to the EPROM by using a SYS19 routine. 

The main program consists of: 


mean initialization routine for the ports and a CRT 
interfacing; 


E calibration routine for a D/A converter, and 


3) position control routine and subroutines. 


05 


2. Majn program components. 

Tne initialization routine sends a control words 
the parallel ports of tne computer, setting them to the outpme 
mode. Tnere are two options given to tne user. First 
the calibration of tne D/A converter (Appendix D) and second 
is the position control of the system. After the calioratewen 
of the system, the position command to the motor can be given 
from the CRT terminal. For simplicity, tne position of the 
motor should be given as a count of pulses. Since the incre- 
mental optical encoder gives 1000 pulses per revolution, 1 
pulse represents 0.36%, If the command is 100 counts, it 
will represent 369. 

The direction of the motor is determined in tne 
following fashion. If the position command is greater tnan 
1809 (500 counts) the direction of the motor will be coun a 
clockwise (CCW). 

Tne program takes 300 states to calculate the position 
of the motor and determine the new control comi pap Tne 
actual time the program takes to execute can be found by 
multiplying the number of states by the clock period. À 
4,915 MHz clock was used for this microcomputer, so the 
period of the pulse is: 

1/4.915 10% = 0.2035 microsecond. 
Each state would correspond to 0.2035 microseconds of real 
tine: By adding up the total number of states that the 


program requires to execute and multiplying this by the clock 
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period, it can be determined how long this program wili take 
Meme xe CU Le. 
Us tates x 0.2035 microseconds = 60.6 microsecond. 

On tne other hand, the period of tne pulses that are 
com ene incremental optical encoder should be longer 
than 60.6 microseconds. Otherwise, the microcomputer will 
miss the pulses and go to the wrong position. 

At maximum, 810 rpm was found to be a sufficient speed 
for the Mess DC motor. The motor will make one rotation 
in 74 milliseconds and each encoder pulse period will be 74 
microseconds long. This corresponds to 4 volt power supply 
for the motor. When the position error is maximum, the motor 
speed will be 810 rpm and it will decrease with a decreasing 
error signal. When the error signal is between 0%-5%: the 
speed of the motor will be 600 rpm. The torque at this 
speed was found sufficient to overcome friction in the motor. 

The flow chart of the system is shown in Figure 5.T. 

DES Cro 1 On Of ene smopoultlmges 

To make the program useful and understandable some 
subroutines were written. 

The Getehar subroutine gets the character from CRT 
terminal and stores it in register. 

The Echo subroutine sends message string to the CRT 
terminal. 

The Recali subroutine sends characters to the CRT 


merminal. 
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VI. SYSTEM TESTING AND DATA COLL Shan 
ORIS TAI RO, CER d 


A. (GENERAL 

A microprocessor controller using the Z-80 was built 
for the position EECH During the testing the 
following equipment was used: 

1. Power supplit TP RS DE 

2. Hewlett-Packard 1216A power supply. 

3. Wavetek model 145 pulse/function generator. 
4. Power supply model 3650.5. 

5. Hewlett-Packard 124A camera. 

The power requirements for the microprocessor were 
+15V, -15V, -10V, +15V and 3-30V. The power requirement for 
motor drive as well as tne incremental optical encoder was 
XIV A four volt power supplv was used for the motor. 

The sequence for turning on the power supplies for the 
System is important. First, the power supply of the micro- 
processor and motor drive should be turned on. Tae power 
supply of the motor should be turned on at tne very) lace 
The mieroprocessor system draws a total of H50 milliampers. 
The maximum current limit of 500 milliampers should oe set 
E adjusting the five volt power supply. 

To start the microprocessor the reset button should be 
Set. The dial which was mounted on the shaft to observe 
tne angular position of the motor can be adjusted Lom NES 
an (initial pos) ion 


TO 


Peo ol eM CALIBRATION 

The calibration of the system should be done before 
using the system. For this purpose a calibration program 
Was written. Ie > ee inn U caes y Ss cen options 
appear on the CRT terminal. (See Figure 6.1) 

After entering "1" for system calibration, a set of 
instructions appear on the CRT Terminal. (See Figure 6.2) 

ne voltae mon test PpPolnt eere Should iben adjusted to 


-4,96 VO ts? 


PP CLOSED LOORTROSITION CONTROL 

Ea cm HoOSslIU2s the position control option from the 
menu, a set of instructions appear on the CRT terminal. 
(See Figure 6.3) 

Since the optical incremental encoder has a resolution 
oe 1000, each pulse of the encoder represents 0.36%. The 
K IL lon command should be given as counts. The relation 
between counts and angular positions is given in Table 2. 

A dial was used to easily observe the angular position of 
Ene motor. 

phe bloc Ano ncwbossenMconvpOoP System is 
shown in Figure 6.4. The blow up picture of tne curve 
following block is shown in Figure 6.5. When the position 
error is maximum the velocity will be 810 rpm. When the 
position error is between minus 5° and plus 5° the velocity 
will be 600 rpm. When the position error is minus, tne 
ampection of the motor is cnanged from the CW direction to 


UN 


the CCW direction or from CCW direction COME G IE EA 
depending on the initial direction of the motor. 

The software program was written in sucn a way that 
when the position error is zero the motor will mono 
When the position error is 0.36? tne direction of the motor 
is changed to the other direction and position error 
20.36090 the motor is reversed again. This algorithm wa 
create a dither signal between +0.36% at the position. 
This dither benavior will hold the motor shaft ab 


given position within +0.369. 


m 
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Figure 6.1. CRT Terminal Menu for Program orth ine 
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EEeurec6.2. CRT Terminal Menu for Calibration of System. 


Ed 
— ENTER IN THREE DIGITS (812) 
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DEER Terminal Menu for Position Control. 


de 


TABLE NON 
COUNTS AND ANGULAR POSITIONS 


C x Posies C 
000 0 
142 HO 
083 30 
125 45 
167 60 
208 T5 
250 BO 
29 155 
500 180 
025 225 
750 270 
OE 315 
d 359 


The software program was written in such a fashion that 
when the position command was bigger than 180%, the program 
would chose the shortest path for its- destinaron: 

Fifty runs for the position commands which were smaller 
than 1809 and fifty runs for the positions which veng 
greater than 1809 were done. 

For all the runs, the motor went to the given positon 
and dither signal was found to be 40.489. This was close 
enough to +0.36° to be satisfactory. 

Tne transient response and frequency response of the 
System can be found by using the additional system inverfacing 
chips and by writing a new software program. This ax. 


recommended for further studies in Chapter Seven. 
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Figure 6.4. Block Diagram of the Position Control System. 
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Figure 6.5. Curve Following Block. 
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VII. SUMMARY AND CONCESIO 


A.  REMARKSTANDSCONEBESTONS 

The brushless DC motor has been shown to have some 
advantages compare to the conventional DC motor. Brushless 
DC motors with their disadvantages still are more favorable 
for use in incremental motion applications. Since commutation 
is done by switching transistors, pulse width modulatione 
a desirable option in system design. 

The low-cost position sensors sucn as Hall effect circuits 
and optical sensing integrated circuits have been found to 
be highly practical for servo designs. A velocity control 
system designed by using tne Hall effect sensors. 

From the analyses, the time constant of tne motor’ as 
given in the factory specifications was considerably faster 
than the measured time constant. This was the result of 
the time delay of the pulse width modulator and the pe 
converter, 

The transfer function of the system was developed by 
using an HP spectrum analyzer. The time constant Of Brae 
system was found by using tne transient response data whicn 
was measured using a strip chart and storage oscilloscope. 
The measure of the time constant was found to be identical 
with the computer simulations of the system transfer function. 

The positign control of the brushless DC motor was studied 


by using a Z-80 microprocessor controller. Position feedback 
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was obtained from an incremental optical encoder. The encoder 
had 1000 resolution per revolution which provided high accuracy 
for position control. Assembly language was used to write 
a program for position control. For the Z-80 CPU a 4.915 MHz 
clock was used. laqisUbrougnet tqellimitationm ror maximum 
speed of the motor to 810 rpm. 

The SIRE PESA ENEE 
mene and was found to be accurate. Since the incremental 
encoder gives one pulse for 0.36% angular position, the 
steady state error was programmed to be +0.36% to hold the 
torque on the shaft. The steady state error whicn was 


usd from the position control system was +0.48%. 


Eee RECOMMENDATIONS FOR FURTHER STUDIES 

HT e deital tachometer a 16 bit (H x Y bit ) counter 
System Was used. By using the 24 oit counter system, tne 
performance of the system can be improved. 

Eight bit D/A converters were used for both the velocity 
MmeMJosition control systems. By using 12 bit D/A converters, 
ene resolution of the system can be increased from 0.2 
Eus to 0.01 volts. 

Instead of the Hall effect sensor, an incremental 
optical encoder can be used with the velocity estimator to 
measure the motor speed. The sampling rate will tnen be 


faster than the sampling rate using Hall effect sensors. 


A 


A 2N 2222 transistor in the motor drive CO GO 
PWM signal is applied will burn out if the trans toe 
transistor logic (TTL) signal is used for tne PHM Sir BE 
To avoid this, the open collector logie signal u r Rs 
820 ohms pull-up resistor should be used for the PWM signal. 

Assembly language was used to program tne position 
EOM system. There are many high level languages that 
may be used such as Forth, Basic, Fortran, C, Pascali io 
Ada. Tnere are many advantages in using a high-level 
language rather than assembly language because it takes 
much less time to develop a system. The code is also much 
more readable and therefore, easier to modify the program 
with a nign-level language. 

The transfer function of the system can be bound 
using a couple more parallel interfacing devices (Intel 
8255A) and by modifying the program which was already 
written. 

Since the incremental encoder has two outputs with 909 
electrical phase difference, using botn outputs insteadwon 
one output as a position sensor the steady state error can 
be programmed to be +0.18%. This will require another CPU 
wWwlILtLhea raster loc. 

it is recommended that after the circuits are built and 
it is certain that it is working properly, it would be betes 


to build the circuit using wire-wrap technique to improve 
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the wire layout and also to reduce possible trouble shooting 


errors. 
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APPENDIX À 


RATING AND SPECIFICATIONS FOR PITTMAN 511 
BRUSHLESSUBE MONS 


MOTOR PARAMETER 
DAMPING CONST 
ANT (KK / Ry 


(Ko Rp? 


MECHANICAL TIME CONST. (J/K? 


MOTOR CONSTANT 


ELECTRICAL TIME CONST. (L/R,) 
MOMENT OF INTERIA 

VISCOUS DAMPING 

FRICTION TORQUE 

MOTOR MASS 

THERMAL TIME CONSTANT 

THERMAL IMPEDENCE (WDG-AMBIENT) 
MAXIMUM WINDING TEMP. 


WINDING PARAMETER 
TORQUE CONSTANT 

BECK EMF CONSTANT 
STATOR RESISTANCE 
STATOR INDUCTANCE 


UNITS 
N.m/(rad/s) 
N.m/ W 

ms 
ms 
Sa 
N.m/(rad/s) 
N.m 
kg 
min 
0 


C/W 


SE 


UNITS 
N.m/A 
V/ (xad/s) 

ohms 


mH 


90 


SYMBOL 


= FW O G 
bi trj 


d 


d 


SR 


WDG #1 


VALUE 
1.42x10 
37.7x10 

14.4 
0.155 
20.5x10 


13x10 ° 
3 


3 
3 


6 


3.0x10 
0.60 
15 
302 
155 


VALUE 
29.9x10 ` 
29.9x10 
0.631 
0.0975 


3 
3 


APPEND DXB 


IgM C Noe RALLON FOR VELOCITY CONTROL SYSTEM 
The DAC system was set to 0 to -10 volts output range. 
If the system range is to be changed an adjustment in tne gain 


offset will be necessary. 


EE the gain offset of the DA@=etive= following 


procedure snould be applied. 


E Ennn off the power of the motor. 


2) Turn on the power of the svstem. 


3) Connect the test point 'O' to the ground. 


EMWMAd just the PI pot until -5.00 volts is shown. 


5) Adjust the P2 pot until -5.00 volts is shown. 


81 


LP PEN NC 


ARTWORK FOR THE DIGITAL TACHOMETER AND PULSE WIDTH 
MODULATOR CIRGUEM 


DIGITAL  TRIHUMETER . PUN 
JE ZI 








APP Em X 


D 
THE DAC CALIBRATION FOR POSIT LO CON TIN 


Tne DAC system was set to 9 to -10 volts On e 
Tne gain offset adjustment will be necessary for so0od Syscen 
performance. 

After pusninz the start button, tne program wile 
to select an option for makinz calioracions. Aí oso e 
tne calibration option, the microprocessor sends Co SE OMM 
to the DAC. Minus 4.96 voits snould se seen from tesa deme 


Ct, if it is not, the PI potter 
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APPENDIX E 
CAORA C TERISTIC OR THEZOPTICAL ENCODER 
per anit 3 | 
Electrical Degrees: 
1 shaft rotation = 360 mechanical degrees 
= N electrical cycles 
1 cycle = 360% electrical degrees. 
Ka ition Error: 
The angular difference between the actual shaft position 
and its position as calculated by counting the encoder's 


cycles. 


Eccle Error: 
An indication of cycle uniformity. The difference between 
an observed shaft angle which gives rise to one electrical 
cycle, and the nominal angular increment of 1/N of a revo- 


ue LON. 


Phase; 
Tne angle between the center of pulse A and tne center of 


pulse B. 


Index Phase: 
For counter-clockwise rotation is illustrated above, the 


index phase is defined as 


9) is the angle, in electrical degrees, between the falling 
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edge of I and falling edge of B. € is the angle, in 
electrical degrees, between the rising edge of A and the 


rising edge of I. 


Index Phase Error: 
The Index Phase Error ( Bo ) describes the change in the 
Index Pulse position after assembly with respect to the A 


and B channels over the recommended operating conditions. 


86 


APPENDIX F 


MC 68661B OPERATION AND PROGRAMMING 


Prior to initiating data communications, the MC 686618 
operational mode must be programmed by performing write 
operations to the mode and command registers. The EPCI can 
be reconfigured at any time during the execution of the 
program. 


The MC 68661B register formats are summarized as follows: 


MODE REGISTER 1 (MR 1) 


|. MRI3 wei | |. MRI3 wei | 


Character Mode and Baud 
Party Type Paru y Control Length Rate Factor 


Async: Stop Bit Length 

00 = Invalid = O = Disatled : Svachronous IX rate 
01 = 1 stop bit t = Enabled Asynchronous 1X rale 
10 2 1'; siop Bits 7 Asynchtonous !6X rate 


! T 2 2 stop bits Asynchronous 64X rale 


Sync: Sync: 
Number of Transparencv 
SYN char Control 
O = Double 0 = Normal 
SYN 1 = Transparent 
1 = Single 
SYN 





- MODE REGISTER 2 (MR2) 


MR27-MR24 MR23-MR20 
TG a n6 mc ^ GC A el EEI 
A A 


XSYNG Bac Tac Sync 
Ta G BKOET asyne 
XSYNC' Rac Sync 
1x BKOET async See baud rates in table 1 
XSYNC Ral T«C syne 
Tac BKOET async 
XS Y NC' Ric sync 
16X BKOET async 


— — m m — — m m 
— m — m — m — m 





COMMAND REGISTER (CR) 


FE at. = 
Request Control Data Terminai Controi 
Operating Mode Ta Send (REN) Ready Afia 


00 = Normal Operativa = Force ATS O = Normal Asvnc 

Qt 3 Async Dulpul Migħh 1 2 Mesel Force brean 
Autiimabc ane clock tine error Nags O -. Normal QO = Disable O = Farce OTR 0 = Disable 
echu mete alter TaSht i sfalus fepnsler | t! = Forme orear 1 = Enatile Qulpul hign 1 = Ena Od 


Sync SYM und ar sunalizali0a (FE OE PE DLE 1 = Farce OTR 
OLE sinuping mooe 13 Force ATS detect) Output low 

1Q 2 LoCal 1000 Maca Guiput lu 

1? = Remnie loop back 


Sync: 

Send DLE 

U = Normal 

1 = Send DLE 
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There is one MC 68661B device in the System. Mode register 
1 address is CE Hex, mode register 2 address is 7D Hex and 


command register address is 5 Hex. 
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APPENDIX G 
INTEL 8255A OPERATION AND PROGRAMMING 
The Intel 8255A contains three 8-bit ports (A, B, and 
C). All can be configured in a wide variety of functional 
characteristics by the system software. There are three basic 


meqdes of operation that can be selected: 
Mode 0 - Basic Input/Output 
Mode 1 - Strobed Input/Output 
Mode 2 - Bi-directional Bus 


Mode definition control word format is as follows: 


CONTROL WORD 


D, |D, Ds D, [D3 [Da |D; [Dg 


PORT C(LOWER) 














| =- INPUT 

O - OUTPUT 
PORT 8 

| = INPUT 

O - OUTPUT 
MODE SELECTION 
O- MODE O 


F= MODE I 


GROUP A 
PORT C(UPPER) 





VNPT. 
O- OUTPUT 
PORT A 

| - INPUT 
O- OUTPUT 

MODE SELECTION 

OO- MODE O 
O| -MODE |! 
Q2 -MODE 2 


MODE SET FLAG 
| -ACTIVE 
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There is one 82557A device in the system. Port address 
is 89 Hex. This means port A and port. B are at output mpe 


C is at input mode. 
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APPENDIX 1 


MAIN PROGRAM 


eS CALTESATION eae 


elem 


id uninis.ut 


Nae GW) OQ 


Ow Oc SN 


IM Visto 


Pje UN Pri PPE 
raf 
iG 


[v1 71] Fey 
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E 
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"tUe. ide ide 
eu) CD 
Ci. 
O ta fri 
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> nm 
a 
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4 


_ i> .— p> — j> — mə — => TE P r 62 (D Q) (D (D (D ( 


"udo O (U C3 (p “< —) : < t < 


"d. 


pac 
OEA TL 
Ee? 
E 
SE 


A 


EN 


2 M 
GRAM 


SEO T FOZ: Ceol 
GE IS TER TCR «PCI 


Loos 


SATIS 


D 
CALL 
LD 
See 


mm 
v E 


LL 
S Bo 
CP 
JF 
CALL 


T 
v 


LL 
CALL 
LD 
CALL 
LI 
CALL 


CALL 
LL 
CALL 


CALL 
LU 
LL 
CALL 


ALL 


ma 


[53 2 
uña 
b 


CHAR) 


25 er 
iH 


(3 — (2. 


E: D 


EN — E 

C3 C23 CD 

E B O 
U 
— 


> = * 


(M Srt EE 


Z,STAPTL 
FEROR 
LĠOTI 
IX,JPAD 
FC 230 
IX,SPACT 
ECEO 
TAE a DS 
ECHO 

IYO ds AD? 
S E 
TX,HFADS 
FCEO 
IXSHEADS 
ECHO 
A.7TH 
(BETA SA 
SEIOSAR 
SR 
ZO 
T1, EROE 
beet 
L092 


IX, EEADIZ 


ECHO 


IA EPRADII 


EDD 


[eee erie 


T 
EOS 


DARAN 


ECTO 


IA REA SIA 


ECHO 
CETCEAP 
A. (CEAR) 
IX,CHAR 
RECALL 
À,2ZĦ 
(E DID NE 
CERCHAR 
(CHA2) 
IX.CHAR 
RECALL 
1.2230 
(ML2),A 
GETCHAR 


de 


e 
, 


e 
1 


. 
» 


) 


) 


w. w. ` +. 


CALESRALTON DEDE 


POSITICY CONTESL Fe Coa 


CALISRATIÓN Pra 


SEND CALPEPATION SISSE 
SEND TU TAO 


L r St 


; PRINT STADZR 


iE? POST IMG. toy ache 


POSTTION C ASSII) = RP. 


STRIP ASS 
RIRST Lise 
JET POSIT NA DCD 
POSITION ASCII a 


SIRTE ASO 
SECOND (D'ESSERE 
GET E ee eeh 


GO: 


CWD: 


COND: 


fo 
L. 
CALL 
SEC 
LD 
o ALL 
CP 
JF 
LD 
CALL 
JP 
LD 
LL 
LD 
LL 
LD 
LD 
LD 
CALL 
LD 
LD 
LL 
LL 
LD 
LD 
LD 
LD 
LD 
CALL 
LD 
= 
LD 
LL 
LE 
LL 
LL 
L2 
ADD 
LP 
ADL 
LL 
LD 
LT 
LD 
LT 
AND 
SEC 
Jr 
JP 
JP 
LD 
LL 
JP 
LD 


~ 


DE 


CETCEAR 
GE 

¿, CC 

[A ERROR 
ECHO 


L.54E 
MPDAD}.AL 


SIM TX 


(POS), IX 
BU 

C,2 

DE; (PGs) 
aL,21F4E 
A 


EL,L£ 

2 CHD 

P GUL 
M,CCWD 
A,Z 
(LIE),4 
ANSC 
i 
(DIRIA 
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AL) ASCII) += 


> 


Sete ASSTI 
PoE DIGI 


belt SARRI RETURN? 
no c CONTINUE 


ERROR ENTER AGAIN 


MOLEIPLEXZJON 


FIRST BINARY 


MJLTIPLEXZJON 
SESOND BINARY 


IC IRD PTNARI 


POSITIONTIN SINART 


FORD POSTIICA ===" DE 
TEMER RES 0522 COUNT) LIMIT 


[emit Gees ten TREN 19% 136. 7 


ANSC: 


START: 


Pä, E 


CWŻ: 


CONTRA: 


HOST 


CW2A: 


POS15 : 


SEPI: 
CONTI: 


WAIT1: 


n 


le 


LI 
LI 
LD 
LD 
AND 
JF 
JP 
LU 


AND 
JR 
LD 
AND 
JP 
LD 
LD 
JP 
LD 
LU 
LD 
AND 
S 8C 
JP 
JP 
JP 
LD 
AND 
JP 
INS 
LD 
AND 
SEC 


Ë, 2) 
(P Dm 
À, 

( 


(D 'U — 


5 
I 
D 


IG Gira 


PPIA),A 
ACUDIR) 
21H 

I START? 
SIRTA 
A,(PPIC) 
21H 

ZAS TRE Te 
A E 

228 
Z,CW2 
Rea 
(TERE) TA 
CONT2A 
157 
(DIRD),A 
EL, (POS) 
d 

BL AG 
TINIEGAT2 
M,NEGAT2 
P,POSIT2 
AC EIRD) 
313 
NZ,CCW2A 
PC 

AL, (POS) 
A 

EL,EC 
p_,POSIA 
AH 


> It 


pt» 
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we 99 we we 99 


e we. "99 we 


ç we we. SS we 


*9 ww we we we 


>. 


>. 


Cw=@ ow-1 
DIRECTIONS == 
DIRECT ON@eS >=) REC 
CHECK THE ENCOLER 

AM H 


NC PULS: CHECK AC hii 
PHASE B —==> À 
C#=Z CCg=1 


SERT O POSITISI 


COMPARE TIL PES IRON 
EE POTUT 

BEYOND PEE ero LNT 
NGTSAT TSEMBETT 
DIRECTION OF TSE MOTOR 
CCW=1 CW=2 

ĠLOCE Vv Poe ne SAT leh 
LOAD POSITION 

CLEAR FLAGS 

COMPARE DSESPOSTIDIM 


GOMPLEMENT 


CIMPLEMENT 


9.76 DES. POSITION TEIA 


SPEED COMMAND 


CH= 
SEND SPEED COM yENE 


SEND DIRECTION 
CRECK Td ENCODER 


CCW2A: 


EOSZA: 


SEPZ: 
CONTE: 


FATT2: 


NEGAT2: 


DNE: 


POSSA: 


CPL 
ADD 
LD 


LD 
LL 
LD 
S BC 


LD 
JR 
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Z ATT] 
START2 
BC 

aL PRIS) 
À 

LEC 

P .PIJS2A 


$ 


> iz J> 
> 9 
t?» EG 


ia <s < < . ~œ 


<£ Ud FH p3 03 CJ p4 > 
Qo. PA KA Ka LU E KA 


upp Ts A 
A.E 
(PPIB),A 
ABRO) 
215 
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START2 
A,(DIRD) 
21H 

NZ. Cowes 
BC 

AL, (FOS) 
A 


31,26 
P POSSA 
Ad 


+ 
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we we Wt we 


~e 


wwe “ewe we we 


COUNTERCLOCY WISE ROTATION 
LOAD POSITION 

CLEAR FLAGS 

BOJPARE BEEE POSITIN 


COMPLEMENT 


COMPLEMENT 


sU DESMEBOSITION LIMIT 


SPEED COMMAND 


CH= 
SEND SFEED COMMAND 


SEND DIRECTION 
GSSCK TH* ENCODER 


cOW=1 Ch=2 

elek WV ROTATION 
LOAD POSITION 

CLEAR FLAGS 

COMPARE Tae. POSITIN 


COMPLEMENT 


SOUP LEVENT 


Sor DES. POSITION LISITO 


SPEED COMMANLT 


2 tu 
AQ 
( 


ci n 
Ota 


WATTS: 


ca 
c? 


W2R: 


POS 4A: 


SEP 4: 
CONT4: 


WAIT4: 


STRTE 


STARTS: 


CENS: 


CWS: 


tid 
MONA LTS 
START2 
BC 

HE (RSS) 


NZ,WAITA 
START2 

EE 
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A 
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(POS) 


HL 
AK VPP IC) 


J 
= 
rO 
3 
Co 


^ £X (I a EE HIN Rt Ca 0 
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mA? Zeer (0175 D Go D Dës 
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C= 
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SEND DIRECTION 
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CLEAR FLAGS 
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COMPLEMENT 


CCE LEM ata 
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SPEED COMMAND 


CONI 
SEND SPEED COMMANT 


SEND DIRECTION 
CHECK THE ENCODER 
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CHECK TEBBENĠODAR 
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CH=? SCW=1 


€ 2 
CI 
= 
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(4 
im 
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CWSA: 


FOSSA: 


SEP: 
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CAITE: 


CCWZA: 


BOSSA: 


Lr 
ANE 
So 
JP 
JP 
JP 
LU 
AND 
JP 
DEC 
LD 
AND 
SEC 
JP 
LD 
CPL 
LD 
LD 
CPL 
ADD 
LD 
LL 
LD 
LD 
LD 
SBC 
JP 
LD 
JR 


n 
L 


TS, 
L, 


LD 
LD 
LD 
LL 
AND 
JP 
JP 
INC 
LD 
AND 
SEC 
JF 
LD 
CPL 
LP 
n 
CPL 
ADD 
LD 
LD 
LD 
LI 
LL 
S BC 


NZ,CCWSA 
BC 
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A 


AL, EC 
P_POSSA 


> tu 
© 
tap m 
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HI 
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ta 
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° 


<o 


w we 


° 
, 


, 


9r 


GET FOSITIO! 


CCW=1 CW=2 i 
IC CK WISE ROTATION 
O EON 

CLEAR FLAGS 

COSPARE DE POSITIN 


COMPLEMENT 


SOMPE LERET 


2e GEDEG. POSITI ONTLCIMIT 


SPEED COMMAND 
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SEND SPEED COrMANL 


SEND DIRECTION 
OĦPEX FSE ENGOLER 


COUNTERCLOCK WISE ROTATICN 


LOAD POSITION 
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COMPARE DENM POSITIN 


COMPLEMENT 


CCMPLEMENT 


Sere DEGeePGCTTION LIMIS 


SEPE: 
CONTS: 


WATTE: 


NEGAT3: 


CWSB: 


POSTAS 


SERT: 
CONTI: 


WAIT?: 


CCW3B: 


SEC 


AND 
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LD 
ANE 
S RC 
JP 
LD 
CPL 
LL 
LD 
CPL 
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CQ n» — p> — [n p> Cà >> X 


NZ, WAITS 
STARTS 
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NZ,CCWZE 
BC 

Hid pO) 
A 

HL,3C 
P,POSTA 


> DR > 
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t= 
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- wo “05 seo 


` 


we 99 -.. 99 


SPEED COMMAND 


COW=1 
SEND SREEL COMANN 


SEND DIRECTION 
CHECK TEE ENCODER 
sO GSECKROTOPCENCOR SS 


CCW=1 Ck=2 

CLOCK MESE ROTATION 
TOADMEJS METON 

CLEAR FLAGS 

COMPARES Tae POSTTIN 


COMPLEMENT 


COMPLEMENT 
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SPEED COMMAND 


CW 20 
SEND SPEED COMMANL 


SEND DIRECTION 
CHECK THE ENCCDER 


COUNTERSLOCK WISF ROTATION 
LOAD POSITION 

CLEAR FLAGS 

COMPARE Ma LOS UTN 


COMPLEMENT 


COMPLEMENT 


POSEA: 


SAFF 
CONTE: 


WATTS: 


wo wo “è wo 


FEARI: 
HFA D2: 
HEADS: 
HEAD4: 
READS: 
HEADS: 
HEAD": 
BFADE: 
FFADI: 
HERI: 
ĦEADI1: 
BEADI2: 
BEADIS: 
SFAD14: 
SPACE: 
aie ls 
QUEZA: 
SUELE: 
SIONM: 
ERRCP: 
COUN 
PT: 

Ro 


-o 


060 90 we we 0 ns wo 9 


LI 
LD 
LD 
LD 
S BC 
TE 
LD 
JR 
LD 
LI 
LE 
LD 
LD 
pr 
AND 
JP 
JP 


DE 
LR 
DB 
LE 
DR 
DE 
DB 
DE 
DE 
DE 
DP 
DE 
DE 
DP 
DE 
DB 
DB 
DE 
DE 
DIE 
BE 
DE 
CE 


2H nee DES OSPOSETROMOTIMIT 
2 ; 

qL,DE 

M,SFP3 ; SPEED COMMAND 

A, DEE 

CONTS 

A,ZESE 

H.2 3 CH= 

(BETA) A 5 SEND SPEED COMMAND 

À.H 

(PPIB), A EEND DINECTICY 

A, (PPIC) 5 CHECK THE ENCODER 
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NZ,WAITS 

STARTZ 

ir. C HI ICE [OD OULD YOU LIKSOTOSDSE 27,02, ,DE, CS 


ILE, 
CR,LF, 


j 1- SY TEDICALIPRATISON CR LE, 5. 
2- PCSITION CONTROL ' CP, LES rhe 


CR,LF, ENTER TAE NUMBEP AND SIT THF JRETURN E Lr i 


CRG LP; 
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CR,LF, 
CR,LF, 
CP,LF, 
CR LE, 
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CAROLE 
CRLF, 
CR.LF, 
CR,LF, 
IE 


ch bi 
SR LF, 
CROCE, 
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CR ER, 
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GR.LF, 


^* SYSTEM CALIBRATION PROGRAM. & ^ (ER Lë? 

i CHFCK THE CEECK POINT C (GP. LESS 

i YOU SHOULD SEE -4.36 VOLTS "CRE LP, i 
IT CD DO NCT. ADJUST WITH 82 £ PIT 7 (REDE 
E R ONE RIT TE RETURNI R LE, S 

"e POSITION CONTRCL PA2OCRA* *^,CR.LF, 5 

tl ENTERETHE POSITION IN COUNTS 2 e SR 


- MAXIMENMESSS COUNTS ( 353.4 DEGREZS",2R,.LF,'$ 
= EA KREE (012! U OR Lp s 
= oT URN ace, LF, 5. 


roc PME M 

Se I SS TOCOU TE 292 Co, LP, > 
PENT Se ab POT TON On TE “š 

IT COPIES ° ap LF, 3° 

“MOTOR AT DEE SIVEN POSITION” ,CR,LF,“5” 


'vea0P 11! TRT ACAIN^,CR,LP, ^t. 
(kk POSITION Opis. 
"READY TC SEND COUNT”,CR,LF, 
“COUNT HAS SENT” ,2R LP, Š” 
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S 


len we =o we we 


ETCHAR: 


CH we we we we 


PY 8: 


MULCT: 


NQADD: 


U Bn nsn) Ti i 


LD 
AND 
JR 
LL 
LD 
EET 


T^ 
MR 


AND 
JR 
LD 
CP 
JR 
LD 
INC 
JP 
RET 


LI 
AND 
JR 
LD 


RET 


ADD 
SLA 
RL 
DFS 
JP 
LD 
REI 
De 


SND 


A TESTET 


H 


Z,RZCALL 
IX) 
CEDATA) A 


NC NOADD 
ALLE 
E 


D 
B 
NZ MUET 
( 
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RESAD) BL 


¡301 EPS 109 BS 

71S A CERRACI ER ENTERADOS 
;NC, CEETK AGAIN 

fino, SUL USDA DER 
IN 


¿El RES STATUS 

sIS EPSI READY 7? 

sNO, CEECY AGAIN 

; LCAD MESSAGE 

s CHECK FIRE LAST CEARAGIAR 
s LAST CHARACTER 

s SEND CHARACTER 

¡NEXT CHARACTER 

IAMIC NEXLICEAARACTER 


soar EPSI STATUS 
STS CNPS I REATI? 
;NO, CHECK AGAIN 
;LOAD CHAPRACTEP 
sSEND CHARACTSR 
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